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Until now no electric dipole moment of the neutron (nEDM) has been observed. Why it is so
vanishingly small, escaping detection for the last 65 years, is not easy to explain. In general it
is considered as one of the most sensitive probes for the violation of the combined symmetry of
charge and parity (CP). A discovery could shed light on the poorly understood matter/antimatter
asymmetry of the Universe. The neutron EDM might one day help to distinguish different sources
of CP-violation in combination with measurements of paramagnetic molecules, diamagnetic atoms
and other nuclei. This review presents an overview of the most important concepts in searches for
an nEDM as well as a brief overview of the worldwide efforts.
I. INTRODUCTION
One of the most intriguing questions in cosmology and perhaps even in all of physics is: “Why is there
so much matter in the Universe and so little antimatter?” This observation is even more puzzling as the
near-perfect symmetry of particles and anti-particles is a firmly established fact of collider physics. Outside
the laboratories of particle physics antimatter can be seen only in cosmic rays which are a result of particle
collisions in the atmosphere consistent with the same processes observed in particle accelerators or in the
decay of 40K, the only natural positron emitter with a branching ratio of 12 ppm [1]. Until today there is no
evidence for any primordial antimatter within our galaxy or even beyond. There is no indication for any form
of co-existence of matter and antimatter in clusters or galaxies within our Universe. If such regions would
exist, one would expect a distinct source of annihilation gammas from any boundary between an antimatter
and matter part of the Universe, which has not been observed. Hence, it is usually conclude that our visible
Universe is made entirely of matter and is intrinsic matter non-symmetric.
The natural hypothesis for an initial state prior to the Big Bang is a fully symmetric state indicating the
asymmetry of matter and antimatter η = 0. To describe this asymmetry I use the standard notation:
η =
nb − nb¯
nγ
, (1)
where nb and nb are the number densities of baryons and antibaryons (most matter is made out of baryons
which are themselves particles made out of quarks and gluons, e.g. protons and neutrons), and nγ is the
number density of photons emitted during the primordial process of matter/anitmatter creation. Starting
from a symmetric state η = 0, the Big Bang would have created enormous quantities of baryons and
antibaryons, which, while the Universe expanded, would have found each other and annihilated, emitting
plenty of photons until the baryon/antibaryon density became low enough for the process to stop. Assuming
such a scenario including the known symmetry violations of the Standard Model of particle physics (SM)
results in η ≈ 10−18[2, 3], while the observed asymmetry is eight orders of magnitude larger when derived
from the measurement of the microwave background of the universe η = 6.1+0.3−0.2×10−10 [4], or from the
abundance of light elements produced in primordial nucleosynthesis with 5.1×10−10 < η < 6.7×10−10 [5].
The very simple and efficient solution would be to accept an initial condition which is asymmetric. Such
a sort of fine tuning is strongly disfavored as it contradicts any naturalness principle. Hence, whatever the
answer to this outstanding problem might be, it relates to a fundamental structural asymmetry of physics
and might have left a faint footprint on all fundamental particles and their interactions.
With the discovery of the Higgs boson [6, 7] particle physics at particle accelerators celebrated its latest
success, following an exceptional series of discoveries that conformed with the SM, which beautifully describes
all particles and interactions known from laboratory experiments. The possibility that new physics could
be at mass scales beyond the reach of collider experiments or coupling very weakly to known particles,
in combination with astrophysical observations (e.g. dark matter, neutrino oscillations) which cannot be
explained by the SM has nurtured vivid interest in high-precision physics at low energies [8] in recent years.
Some of these experiments look for the remaining faint footprints of structural asymmetries which might
have led to the observed baryon asymmetry of the Universe (BAU). One such high-precision search for new
physics is the quest to find an electric dipole moment (EDM) of the neutron.
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2EDM limit C.L. Ref.
ThO de < 8.7×10−29e·cm 90% [10]
199Hg dHg < 7.4×10−30e·cm 95% [11]
neutron dn < 3.0×10−26e·cm 90% [12]
TABLE I: Most relevant experimental limits on electric dipole moments.
A very intuitive picture of an EDM consists of two point charges, one with charge +e, the other with −e,
separated by a distance r giving rise to d = e · r. In a more general classical limit for a continuous charge
distribution ρ(r) the EDM can be described by
dcl =
∫
dr rρ(r); (2)
where r is integrated over the extended object. This expression will be redefined in the section on symmetries
and EDMs (Sec. IIA) for point-like quantum objects. Thus, the common unit in which EDMs are measured
is e·cm: equivalent to a separation between two opposite charged elementary point charges.
Any particle which has a well defined non-degenerate ground state and an EDM (d 6= 0) violates parity
(P)-symmetry and the symmetry under time-reversal (T). This also indicates a violation of the combined
symmetry of charge (C) and P, under the assumption of Lorentz and CPT-invariance. Thus, the discovery
of an EDM of the neutron would indicate that CP-symmetry is violated, and this in turn may be connected
to the structural asymmetry required to create a matter dominated Universe. CP-violation is one of three
necessary conditions for a baryon asymmetry evolving from an initial symmetric state. These three Sakharov
criteria [9], namely i) baryon number violation, ii) C and CP-symmetry violation, and iii) departure from
thermal equilibrium, were identified as the minimal set of conditions which any theory must fulfill to explain
the observed BAU. For a more detailed explanation of the role of symmetries in EDMs see Sec. II A.
While in the recent past remarkable progress has been made in the search for an electron EDM using the
enormous electric field inside a ThO molecule [10], and also for the diamagnetic 199Hg-EDM [11], that of the
neutron has slowed down. The latest result for the neutron EDM, |dn|< 3×10−26 e·cm [12], arises from a
re-analysis of the data first published in 2006 [13] (then |dn|< 2.9×10−26 e·cm) and confirms the original
result. Different EDM limits are summarized in Tab. I, while the interested reader is referred to Ref. [14, 15]
or a detailed overview of the interplay between different EDMs and theory [16].
The first searches for a neutron EDM, starting in the 1950s [17, 18], were undertaken using thermal, and
later cold, neutron beams from reactors. The last beam experiment [19] published a limit of dn<3×10−24 e·cm
(C.L.90%) in 1977 and was limited by the velocity-dependent v×E systematic effect. At the beginning of
that decade, the first experiments using ultracold neutrons [20, 21] were proposed with first results published
at the end of the 1970s [22]. Today several competing collaborations around the world are pursuing new
experiments to improve the sensitivity to the nEDM and by that establish a finite value or push the limit
on the nEDM by up to two orders of magnitude in the next decade or so. This review is based on an
earlier version [23] which was published as part of the proceedings of the XI Latin American Symposium on
Nuclear Physics and Applications in Medellin, Columbia. Section III presents the state-of-the-art methods
and techniques which are used in nEDM searches with UCN, while section IV discusses the most important
systematic effects. Finally, in sectionV an overview of the worldwide activities is given.
II. THE NEDM IN THE STANDARD MODEL AND BEYOND
A. Symmetries and EDMs
Symmetries are universally present throughout human culture and can be found throughout many concepts
of art and architecture. The eightfold path of Buddhism is visualized in a wheel with an eightfold discrete
symmetry. Likewise the Hindu swastika has a fourfold discrete symmetry, and thousands of visitors marvel
each day at the symmetric architecture of the Taj Mahal mirrored in the reflecting pool. At the same time
it seems that the breaking of such symmetries, as for instance in the rules of the golden ratio, make a work
of art or architecture even more exciting and interesting.
Symmetries and their violation also play an important role in fundamental physics. In physics the concept
of symmetry is strictly defined by a transformation of an object which does not alter the object; one says
that the object is invariant under this transformation. The more such transformations are allowed, the
higher the degree of symmetry. As an example take again the eightfold wheel visualizing the principle
virtues of Buddhism. One may mirror it along any of its spokes passing through the origin, or one may
rotate it by any multiple of pi/4, and it will not change its appearance as it has an eightfold rotational
3FIGURE 1: Illustration of parity transformation in comparison to rotational symmetries in two and
three dimensions. In two and every higher even dimension the discrete parity transformation can
be replaced by a set of discrete rotational transformation. (a) The discrete parity transformation
(~r → −~r) of all coordinates in 2 dimensions of the object is equivalent to a rotation by pi around the
origin. Further the object is invariant under parity transformation, as it is indistinguishable from
the original object. Note, the little blue square marks one end of the object in order to show that
the object is transformed, but is not to be regarded as part of the object itself. (b) The parity
transformation in 3 dimension of a screw thread (~r → −~r) cannot be replaced by a series of discrete
rotational transformations. Further, the sense of rotation of the screw changes. This is called the
handedness. Parity transforms a right handed object into a left handed object.
symmetry. A perfect circle has an even higher symmetry, as one can rotate it by any angle without changing
its appearance. As early as 1918 Emmy Noether [24] showed that the conversation of energy, momentum
and angular momentum can be directly derived from the symmetry of the laws of physic under translation
in time, and under translation and rotation in space. In this context a physical law is symmetric under
transformation if any transformation of the system under this operation does not alter the physical law. In
modern particle physics three discrete symmetries, charge conjugation (C), parity inversion (P), and time
reversal (T) , play an outstanding role in our understanding of nature. Their combined conservation (CPT
symmetry) together with Lorentz invariance are cornerstones of today’s conception of fundamental physics.
All three of the individual symmetries are violated in the weak sector of the standard model.
Charge
The notion of charge in modern particle physics extends beyond the classical notion of electrical charge to
all charge quantum number of the particle. In this sense charge conjugation is not only the reversal of the
electrical charge of the object, but also of its color charge, its lepton or baryon number, its flavor quantum
number and so on. Therefore, charge conjugation transforms a particle into its anti-particle by reversing all
charge quantum numbers of the particle, for example the electron into the positron or the neutron (udd)
into an anti-neutron (u¯d¯d¯).
A system or physical process is considered as invariant under charge conjugation if the observed process is
indistinguishable whether anti-particles or particles with the corresponding conjugated fields participate. In
this sense the movement of an electron in an electric field is indistinguishable from a positron in an electric
field of same magnitude but opposite direction.
Parity
Parity transformation is defined as the sign inversion of all space coordinates in a Cartesian coordinate
system. As demonstrated in Fig. 1a) this leads to nothing new in two dimension where it can be replaced by a
rotation around the origin by pi. Whereas in three dimensions, illustrated in Fig. 1b), it becomes obvious that
a parity transformation cannot be replaced by any number of discrete rotation. This additional symmetry
can also be called the symmetry between right-handiness and left-handedness. There seems to be no obvious
reason why in empty space nature would have a preference for right or left-handedness.
4Time
Time reversal symmetry indicates that a physical process which is described by a Lagrangian L(t) or
Hamiltonian H(t) transforms into a process L(−t),H(−t) which again is an allowed process by physical laws.
This does not mean that the actual “arrow” of time has to be inverted, but instead that in a video of the
process it becomes indistinguishable whether the video is played forward or backward. The classical example
for such processes is the elastic scattering of pool balls on a pool table. In the case of a head-on collision
with total momentum transfer the moving ball will come to rest while the ball which was initially at rest
will start moving with the same momentum. In this simple case it is obvious that from watching the video
is is unclear whether it is played forward or backward. Still our conception of time is mostly define from
seemingly irreversible processes: e.g. a glass falling off the table and breaking in thousand of pieces or the
initial break in snooker just to mention two. In these cases it seems to be easy to distinguish whether the
video is played forward or backwards. But amusingly the processes are still invariant under time reversal
symmetry. Our everyday experience just tells us that it is extremely unlikely to match the initial conditions
so perfectly that an observation of the seemingly backward process is possible in nature.
CP-violation and the nEDM
In the electroweak sector of the SM C and P are maximally violated, recall the (V-A)-structure of the
interaction, while the combined symmetry of charge and parity (CP) is conserved in most cases. Though
high-precision experiments showed that CP is also violated in rare decays of K [25] and B mesons [26, 27],
an essential ingredient for baryogenesis [9]. Unfortunately this known source of CP-violation is too small to
explain the observed baryon asymmetry of the universe [2, 3] in combination with the other known ingredients
from the standard model.
In the classical concept of an EDM described by Eq. (2) the EDM is a vector changing its direction with
parity: P (dcl) = −dcl. In a particle with angular momentum j or spin σ = ~/2 all vectors and pseudo-
vectors are either aligned or anti-aligned with the pseudo-vector of angular momentum of the particle, as
the transverse component is averaged out due to rotation. Therefore one may write
dcl = δnj
P−→ −dcl = δnj. (3)
Both equations can only be fulfilled if either dcl = 0, or parity is violated, or the angular momentum is not
defining a non-degenerated state. However, all experiments involving neutrons are obeying to Pauli exclusion
principle with a twofold degeneracy in the absence of a magnetic field. This indicates that the spin quantum
number is sufficient to describe the neutron ground state. Similarly one can write for a T-transformation
dcl = δnj
T−→ dcl = −δnj. (4)
Which again can only be fulfilled by violating T symmetry. In the same way one can show in quantum
mechanics that if a neutron were to have an “electric dipole moment dn then, as any vector operator in
quantum mechanics, it would be connected to the spin operator as dn = δnj/j~, or, for j = 1/2 as dn = δnσ,
where dn gives the size of the EDM”[28]. In the non-relativistic limit, the interaction Hamiltonian can be
written as:
H = −~
2
(δnσ ·E + γnσ ·B), (5)
where δn and γn can be interpreted as scalar coupling strengths of the neutron spin to the electric and
magnetic field. The relative sign of the two dipole coupling strengths is not defined as no electric dipole
moment has yet been discovered. The magnetic coupling strength is nothing else than the gyromagnetic
ratio of the neutron γn/(2pi) = −29.164 694 3(69) MHz/T [29], which is the ratio of the magnetic moment
of the neutron µn to its angular momentum σ = ~/2. Similarly one can introduce a gyro-electric ratio in
combination with the electric dipole moment. Equation (5) and Fig. 2 demonstrate that the eigenstates of
the Hamiltonian change when applying either a T or P- transformation to the Hamiltonian, indicating again
the violation of T and P-symmetry. The CPT-theorem (see standard text books on field theory, e.g. [30]) is
fundamental to any modern quantum field theory and states, that any locally Lorentz-covariant field theory
of a point like particle is CPT invariant. As a consequence the observation of a dn would not only indicate
the breaking of time reversal symmetry but also CPV and would therefore constrain any model of CPV that
attempts to explain the BAU. In any case it would manifest a new, flavor maintaining source of CPV.
5FIGURE 2: Pictogram illustrating the P and T-violation of a nEDM in the presence of an electric
and magnetic field.
FIGURE 3: Diagrams which involve the CPV phase of the VKM-matrix. a) First loop contribution
does not give rise to an EDM, as the phase from the first vertex cancels in the complex conjugate
second vertex. b) This is the largest SM contribution generated by the CPV phase of the VKM-matrix.
The crossed vertex, shown as insert, is a four-quark vertex known as strong penguin diagram in which
not all phase contributions cancel.
B. The standard model prediction
In the SM two sources of CPV exist: i) In the weak interaction the weak mass eigenstates of the quarks
are not identical to the flavor eigenstates. Both eigenstates are interconnected via the Kobayashi-Maskawa
matrix VKM which has one single phase δ which induces the observed CPV in the K and B meson decays.
ii) The second source is the QCD vacuum polarization term, the only CP-odd term of dimension four in
the SM QCD Lagrangian. For a detailed discussion see also the reviews by Pospelov and Ritz [14] and by
Seng [31].
The Kobayashi-Maskawa matrix VKM can be written as
VKM =
 c12c13 s12c13 s12e−iδ−s12c23 − c12s23s13e−iδ c12c23 − s12s23s13e−iδ s23
s12s23 − c13c23c13e−iδ −c12s23s13e−iδ c23c13
 (6)
where cij = cos θij , sij = sin θij and δ ≈ 1.20 rad is the CPV phase. It is impossible to write down a tree level
diagram generating an electric dipole interaction of one quark of the neutron with the electric field. At the
one-loop level, shown in Fig. 3a, any phase term of a Vij element at one vertex will be canceled by the complex
conjugated phase term at the second vertex V ∗ij . Further, Shabalin [32] showed that the contributions of all
second order processes to an nEDM cancel. The largest SM contribution is at the three-loop level via a
strong penguin diagram [33] (see Fig. 3b) which amounts to an approximate dnKM of 1×10−32 e·cm [14, 31],
well below current and most probable all future experimental sensitivities.
An additional source of CPV in the SM is the vacuum term of the QCD-Lagrangian:
LCPVQCD =
g2s
32pi2
θGaµνG˜
µν,a, (7)
6the only CPV dim-4 operator, where gs is the coupling constant of the strong interaction, θ is a phase which
also includes the CPV phase of the weak interaction and Gaµν is the gluon field tensor. The structure of the
gluon field tensor times its dual corresponds in electro-magnetism to a scalar product of E ·B which is odd
under P and T reversal. From a dimensional analysis [34] one can estimate the size of an nEDM generated
by this term:
dQCDn ≈ θ · 1×10−16 e·cm. (8)
Hence, the current experimental limit on an nEDM is also a limit on θ . 10−10. This is astonishing, as θ is
a phase which in principle could acquire any value between 0 and 2pi. It is considered as unnatural that the
value is so tiny. Possible solutions to this “strong CP problem” include having at least one mass-less quark,
or a mechanism proposed by Peccei and Quinn [35–37], which gives rise to the axion, a Nambu-Goldstone
boson. For searches for the axion and axion like particles see, e.g., Ref. [38]. However, if an nEDM were to
be found further measurements of EDMs (proton, electron...) would be necessary to distinguish the CPV
source(s) and to explain the role of the tiny θ-term.
C. Generic sensitivity of an nEDM to physics beyond the SM
A comprehensive summery of different BSM scenario which provide viable sources of CPV may be found in
the reviews Refs [15, 39]. Neglecting for a moment the contribution to an nEDM from the unnatural small θ
parameter, it is clear that any observed dn > 10−30 e·cm can only be explained by new physics. Generically
most BSMs provide several CPV phases and new particles which could already contribute at the one-loop
quark level to an observable nEDM. A typical order of magnitude analysis from super-symmetric (SUSY)
models (e.g. [40]) gives:
dn ∼
(
300 GeV
ΛSUSY
)2
sinφCP × 10−24e·cm, (9)
where φCP represents the relevant possible CPV phases of the model and ΛSUSY is the SUSY mass scale.
The current experimental limit already implies that models either have to be considerably fine tuned to have
a small φCP or to suppress 1-loop contributions, or that the SUSY-scale is considerably above the weak scale
in the range of some TeV. Figure 4 illustrates this conundrum known as SUSY CP problem. The authors
of Ref. [15] generalize this SUSY approach and find similar model-independent constraint for a general BSM
scale.
III. EXPERIMENTAL TECHNIQUES
Experiments searching for the electric dipole moment of the neutron essentially try to measure the
precession frequency of the neutron in a strong electric field ωE = δnE. The current upper limit
of dn ≤ 3× 10−26 e·cm (90% C.L.) indicates that it will be necessary to measure a frequency below
ωE/(2pi) = 24 nHz for an electric field of E = 10 kV/cm. Any magnetic field larger than 0.83 fT, a field
too small for even the best magnetically shielded rooms on Earth, would lead to a similar or larger Larmor
precession frequency of the neutrons. Thus, it seems impossible to directly measure the effect of an nEDM
exposed “only” to an electric field. Instead the neutron is exposed in addition to a well controlled magnetic
field B. By taking the difference between two Larmor frequencies measured in configurations where the
electric field is parallel (ω↑↑) and anti-parallel (ω↑↓) to the magnetic field we find that
~ω↑↑ = 2
∣∣∣µn ·B↑↑ + dn ·E↑↑∣∣∣
~ω↑↓ = 2
∣∣∣µn ·B↑↓ − dn ·E↑↓∣∣∣
dn =
~
(
ω↑↑ − ω↑↓)− 2µn (B↑↑ −B↑↓)
2 (E↑↑ − E↑↓) . (10)
In general these two measurements are either made in two adjacent volumes with opposite electric fields
(E↑↑ = −E↑↓) inside the same magnetic field (B↑↑ −B↑↓ = 0), or by measuring first one configuration, then
changing the polarity of the electric field from E↑↑ to E↑↓ = −E↑↑ and measuring again. In the first case
7FIGURE 4: Constraints on two CP violating phases of a generic SUSY-model using limits from the
neutron [12], Hg [11] and ThO [10] (electron). The allowed phase space is already stringently reduced
for a SUSY scale at 2 TeV. Updated figure courtesy of A. Ritz, original figure appeared in Ref. [14].
it is of paramount importance to make sure that the two spatially separated measurements have the same
magnetic field configuration (no or small magnetic-field gradients), while in the second case it is essential
to make sure that the magnetic field is stable and/or precisely monitored in time. Both approaches are
currently used or in discussion for nEDM searches.
A. Ramsey’s technique of separated oscillating fields
More than half a century ago Ramsey improved Rabi’s resonant frequency technique to measure energy
eigenstates of quantum mechanical systems by introducing a free-precession period between two spin-flipping
pulses [41]. Figure 5a) illustrates this technique, while a typical resonance scan is shown in Fig. 5b). The
initial state is a fully polarized, i.e. |↑〉, ensemble of neutrons exposed to a magnetic field B0. A first
rotational oscillating magnetic-field pulse Brf = B1 cos (ωrft), perpendicular to B0, tips the spins into the
plane orthogonal to the main magnetic field. The neutron spins then precess freely with their Larmor
frequency ω0 for a duration T , accumulating a phase φ = γnBT , before a second pulse B1 cos (ωrft) in phase
with the first is again applied to the neutron ensemble. The essential idea is to compare the phase φ with
ωrfT . If they are identical then B = ωrf/γn.
The probability to detect a neutron with a final spin state identical to its initial spin state, i.e. |↓〉, is (see
equation (A.11) in Ref. [42]):
P(T, ωrf) = |〈↓|U(T, ωrf) |↓〉|2
= 1− 4ω
2
1
Ω2
sin2
(
Ωtpi/2
2
)[
∆
Ω
sin
(
Ωtpi/2
2
)
sin
(
T∆
2
)
− cos
(
Ωtpi/2
2
)
cos
(
T∆
2
)]2
, (11)
where U(T, ωrf) is the time-evolution operator describing the pulse sequence, ω1 =−γnB1, ∆=ωrf − ω0, and
Ω=
√
∆2 + ω21 . When optimized the spin-flipping pulses have exactly enough power to tip the spins by pi/2,
hence, the pulse length and field power fulfill the condition γnB1tpi/2 = pi/2. In this case, and in the central
fringe range (∆ ω1), equation (11) simplifies to:
8FIGURE 5: Ramsey’s technique of separated oscillating fields. Note, that neutrons with spin down
are high-field seeking neutrons indicated by the yellow arrow as the gyro magnetic ratio is negative.
The scheme of the method (left), based on Fig. 4 of Ref. [45], and the data plot (right) are explained
in detail in the text. Blue points are UCN counted with spin up N↑, while red points are with spin
down N↓ (data from the PSI-nEDM collaboration [46]). The width at half height ∆ν of the central
fringe is approximately 1/ (2T ), and the four vertical lines indicate the working points.
P(T, ωrf) = 1− 4 sin4 pi
4
[
∆
Ω
sin
T∆
2
− cos T∆
2
]2
P(T, ωrf) ≈ 1− cos2 T∆
2
P(T, ωrf) = 1
2
(1− cos (T∆)) . (12)
In a real measurement with N neutrons inside a large magnetic field region this becomes
N↓/↑ =
N
2
{
1∓ α(T ) cos
[
(ωrf − γnB0) ·
(
T +
4tpi/2
pi
)]}
, (13)
where α(T ) is the visibility of the central fringe taking into account all depolarization effects [43] and N↓/↑
are the neutrons with spin down (high-field seeking) and spin up (low-field seeking). The term 4tpi/2pi is
necessary to account for field inhomogeneities of B1 and B0 which become relevant when the pulse length
tpi/2 is finite [44].
A Ramsey interference pattern, as shown in Fig. 5b), can be recorded by scanning ωrf while keeping all other
conditions constant. The magnetic field B measured by the neutrons then fulfills the resonance condition
of the central fringe with ωrf = γnB. This procedure is further optimized in searches for an nEDM by only
measuring at four points close to highest sensitivity, the working points. The neutron Larmor frequency is
then obtained by fitting expression (13) to the data. Separate fits are performed for different electric-field and
magnetic-field configurations. Taking the difference of these Larmor frequencies gives access to the electric
dipole moment:
dn =
~(ω↑↑0 − ω↑↓0 )
2(E↑↑ − E↑↓) =
~∆ω
4E
, (14)
using equation (10) and assuming no differences in the magnetic field and E = E↑↑ = −E↑↓. The statistical
sensitivity with which a frequency can be measured in a time t can be deduced from equation (13):
σ (ω0) ≈ 1
αT
√
N˙t
, (15)
where N˙ = 〈N〉 ·f is the neutron current with 〈N〉 the average number of neutrons detected in one measure-
ment and f the repetition rate. This translates into a statistical sensitivity for the detection of an nEDM
of
9σ (dn) ≈ ~
√
2
4αTE
√
N˙t/2
=
~
2αTE
√
N˙t
, (16)
using equation (14). The additional factor 1/
√
2 in the denominator accounts for the fact that it needs two
measurements to take a difference.
B. Ultracold neutrons
1. Properties of UCN
From a neutron current point of view it becomes immediately clear that T
√
N˙ needs to be maximized for
the highest sensitivity. One possible solution, proposed in 1960 by Shapiro [20, 21], is to increase T by using
neutrons that can be stored within vacuum chambers made of adequate materials. Such ultracold neutrons
(UCN) are reflected under any incident angle by the neutron optical potential
V =
2pi~2
mn
N b, (17)
where mn is the neutron mass, N the nucleon density and b the neutron scattering length of a given
material. Well suited materials for storage are, e.g., 58Ni, diamond-like carbon (DLC), NiMo(85/15), or
BeO/Be which all have neutron optical potentials in the range 200 neV to 350 neV. These potentials also
define the maximum kinetic energy of UCN, which is in the same range as the gravitational potential energy
of neutrons: mgh ≈ h · 1.025 neV/cm. Furthermore, strong magnetic fields can be used to polarize or store
UCN, as the magnetic potential energy µ ·B ≈ ±B · 60 neV/T. This means, a magnetic field of 5 T creates
a potential barrier of 300 neV for low-field seekers while high-field seekers are attracted.
For the search of an nEDM with UCN the ultimate goal is to confine UCN as long as possible within a
closed material cell. Several imperfections of the material cell will effectively reduce the number of UCN of
energy E detected after a time t to N0(E) exp (−t/τs(E)). The storage time constant τs(E) is the inverse of
the sum of all loss rates:
1
τs(E)
= Γ(E) = Γβ + Γη(E) + Γgap(E) + Γgas(E). (18)
A free neutron is not stable and decays with a rate of Γβ ≈ 1/880 s−1. The energy dependent losses due to
nuclear absorption and gaps in the surface can be estimated to be
Γη(E) =
µ(E)v(E)
λ(E)
Γη(E) =
v(E)Sgap
λ(E)S
,
where µ(E) is the energy dependent loss per bounce probability, typically in the range of some 1×10−4,
and S/Sgap is the ratio of cell surface to surface of gaps. The last loss rate Γgas(E) from collisions with rest
gas molecules can be neglected for a typical vacuum conditions. Hence, the number of UCN N(t) remaining
after a time t inside the volume is:
N(t) =
∫
dE N0(E) exp (−Γ(E)t)∫
dE N0(E)
, (19)
where N0(E) is the energy spectrum of UCN directly after closing the door of the storage cell. However,
very often the energy spectrum is not very well known and the measured data can be described sufficiently
well using a double-exponential decay:
N(t) = Nf exp(−Γft) +Ns exp(−Γst), (20)
where the index ‘f’ describes a fast and the index ‘s’ a slow loss from the storage volume. Good quality
storage volumes for searches for an nEDM report values larger than 1/Γf > 60 s and 1/Γf > 180 s. For a
complete review of UCN physics please refer to the books [47, 48].
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Isotope σa (barn) Nuclear reaction
3He 5330 3He + n −→ 3H + p + 764 keV
6Li 940 6Li + n −→ 3H + α+ 4.78 MeV
10B 3835 10B + n −→ 7Li + α+ 2.79 MeV (6 %)
−→ 7Li∗ + α+ 2.31 MeV (94 %)
↪→ 7Li + γ + 0.48 MeV
TABLE II: List of typically-used isotopes in UCN detectors with absorption cross section (for λ = 1.8Å)
and nuclear reaction [70].
2. Production of UCN
Free neutrons are typically produced in research reactors by nuclear fission or in spallation sources where
a high-power proton beam is incident on a neutron rich, often stable element (e.g. mercury or lead). These
neutrons are then cooled by a heavy or normal water moderator to room-temperature. The energy dis-
tribution can be very well approximated by a Maxwell-Boltzmann distribution for slightly higher energies.
To further shift the energy spectrum a moderator at liquid hydrogen temperature is used as source of cold
neutrons. Any cold neutron source has already a significant number of UCN in the low-energy tail of its
distribution. The extraction through aluminum windows and long guides significantly reduces the amount
of available UCN outside the biological-protection.
These problems were beautifully circumvented by the conception and design of a phase-space converter,
the UCN-turbine (instrument PF2) at the Institut Laue-Langevin, which Doppler-shifts very cold neutrons
to the UCN regime [49, 50]. Until now, this instrument remained the workhorse and benchmark in UCN-
physics. All other current and next-generation UCN sources [51–57] are based on the superthermal concept
proposed by Pendlebury and Golub in 1975 [58, 59]. The principal idea is to use collective excitations of the
conversion medium to down-scatter neutrons from higher energies to the UCN energy regime [60]. For this
process two materials are of main interest: superfluid helium (He-II), using the phonon-roton excitations
with a relatively feeble production rate but profiting from a zero absorption cross-section [61, 62], and solid
deuterium (sD2) which has a broad range of excitations leading to a high conversion rate while the finite
absorption cross-section reduces the effective layer from which a UCN can escape the material [63]. Both
methods can be adapted in such a way that in principle it should be possible to build UCN sources with
greatly increased UCN densities, compared to today’s standards [64], delivered to experiments at room
temperature. An alternative approach are cryogenic nEDM experiments, that intend to avoid transport
losses on the path source to room-temperature precession cell altogether, which are discussed in Sec. IIID.
3. Detection of UCN
At the end of the Ramsey cycle the number of neutrons with spin up N↑ (low-field seeking) and spin
down N↓ (high-field seeking) have to be counted, before they can be fitted to expression (13). For the
discrimination between high and low-field seeking neutrons one can use the high magnetic field inside a thin
magnetized iron layer BFe ≈ 2 T on an aluminum foil. If such a foil is placed inside a sufficiently strong
magnetic field from permanent magnets with a flux return yoke, the low-field seeking neutrons will see a
potential step of VF = VFe + 2 T ·60 neV/T = 330 neV, while the potential step for the high-field seeking
UCN is reduced to 60 neV (VFe = 210 neV). Placed approximately 1 m below the precession cell, such a
foil will reflect all low-field seeking (spin up) UCN, while letting high-field seeking (spin down) pass. In
combination with an efficient adiabatic spin-flipper [65, 66] placed in front of such a foil it is possible to
invert the spin-state of the neutrons incident on the foil and detect both spin states. The spectrometer from
Ref. [12, 67] used one foil and one spin-flipper that was turned on and off during the counting period for
spin-analysis. An alternative approach with two detection beam lines each equipped with one foil and one
spin-flipper for each precession cell was used in Ref. [68] and is currently employed for the single precession
cell setup at PSI [69]. Once the neutron has passed the spin-analysis stage it is detected in a UCN detector.
The neutron, being an uncharged particle, cannot be detected with conventional particle detectors which
are based on ionization processes. While high energetic neutrons can be measured by recoil protons from
hydrogen-dense materials, low energetic neutrons E < 25 meV are best detected exploiting nuclear reactions
. Once a neutron is captured by a suitable nuclei a conventional detector may detect the charged particle
emitted by the prompt nuclear reaction. Any impulse or energy information of the incident neutron is lost
during this reaction, hence a UCN detector is a simple counter. Table II lists the three most widely used
isotopes with a large absorption cross section and suitable charged reaction partners.
In the past 3He-gas detectors were the most commonly used detectors in UCN physics. As their signal
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length is rather long (2 µs) these detector face serious dead-time when operated at new and future UCN
sources with count rates approaching 1 MHz. Further, the price of 3He has steadily risen in the last years
due to the shortage in supply. These prospects triggered several studies of alternatives using 6Li and 10B as
converter isotope, in the last decade. In particular designs have been investigated using gaseous detection [71–
73], silicon state detection [74–76], 6Li-doped glass scintillators [77–80] or a 10B/ZnS(Ag) multilayer [81].
C. Statistical sensitivity
The statistical sensitivity also depends on the transverse spin coherence time T ∗2 of the precessing spins
and the UCN losses, as described in equation (18), inside the precession chamber. Including these into
equation (16) yields for UCN
σ (dn) =
~
2α0 exp
(
− TT∗2
)
TE
√〈N(f−1)〉ft . (21)
For a general analysis we simplify equation (19) to a single exponential decay described by 〈N(f−1)〉 =
N0 exp(−t/τ). The minimum of equation (21) is then at
T =
2T ∗2 τ
T ∗2 + 2τ
.
Hence the best attainable sensitivity for a given electric field E, initial polarization α0 and a neutron current
of N˙ = N0f is
σmin(dn) =
~
4α0E
√
N0ft
exp
(
2τ
T∗2 +2τ
)
(T ∗2 + 2τ)
T ∗2 τ
√
exp
(
− 2T∗2T∗2 +2τ
) . (22)
In the current nEDM-experiment at PSI, on average 14 000 UCN are counted every 1/f = 300 s, after a
free precession period of T = 180 s. The measured double exponential decay constants are tf ≈ 70 s and
ts ≈ 300 s, which yields for a single exponential approximation N˙ = 140 s−1 and τ = 163 s. The transverse
depolarization time is regularly above T ∗2 = 1000 s while the initial polarization is close to 0.86. With an
average electric field of |E| = 11 kV/cm this gives a sensitivity of
σ(dn(t)) = t
−1/2 · 3.25×10−23 e·cm/
√
Hz, (23)
with t the effective measurement time. Table III sets this value in relation to statistical shot-noise limits of
other methods to search for an nEDM.
D. Cryogenic approach
In many ways a completely cryogenic experiment is considered as the ultimate drive to highest sensitivity.
The essential objective is to perform the entire experiment inside He-II: UCN production and polarization,
Ramsey-type measurement, spin-analysis and detection. This would allow optimal exploitation of the high
UCN density of a He-II based source in combination with a 5-10 times higher electric field than in vacuum [82].
Ultracold neutron sources based on He-II converters at temperatures below 0.5 K have a saturation density
of ρ∞ = τP , where the storage lifetime is essentially limited by the neutron beta decay τβ ≈ 880 s and
P = dφ/ dλ · 5× 10−9 Å cm−3 is the production for a differential cold neutron flux at 0.89Å [62]. Storage
times of 1/Γf = 97(13) s and 1/Γs = 580(30) s extracted with a two-exponential fit were reported from tests
of a cyrogenic storage volume of 3 L coated with deuterated polystyrene [83]. Combining this with a flux
from a CN beam like PF1 at ILL [84] results in a saturation density of ρ∞ ≈ 4500 cm−3.
The cryo-EDM collaboration [85] followed the classical UCN storage and measurement approach by con-
necting a cyrogenic precession cell to a He-II UCN source. The UCN were transported from the source in
beryllium coated guides immersed in the 0.5 K cold liquid helium to the precession cell were the electric
and magnetic field were to be applied. After the Ramsey cycle the precession cell was connected to a cryo-
genic UCN detection system [74]. The funding for the project was stopped in 2014 after persistent technical
difficulties and an accumulated delay of several years.
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T N-current alpha E-field T ∗2 τ shot-noise limit
Method (s) (s−1) (kV/cm) (s) (s) (e·cm/√Hz)
last beam 0.015 1.0×106 0.80 100 8670×10−25
new beam 0.1 4.0×108 0.75 100 22×10−25
RT UCN 246 1.4×102 0.86 11 1000 160 325×10−25
future RT UCN 333 2.8×103 0.95 11 2000 200 48.5×10−25
cryo-UCN 570 2.3×104 0.99 50 2000 440 1×10−25
TABLE III: Comparison of the shot-noise limit for different methods. Experiments with ultracold
neutron at room temperature (RT) will profit from better UCN sources and a better controlled
magnetic environment. The shot-noise limit will further decrease when going to a cryogenic setup
within superfluid helium. It has been shown that in such a case the electric field can be up to ten times
higher and UCN transport losses may be reduced or even become obsolete when producing UCN and
measuring the spin precession within the same volume is feasible. The future beam experiment will
mainly profit from high counting statistics and a ten time higher electric field which is possible as
no insulator will be needed to separate the electrodes. The most important systematic effect, v ×E
effect, shall be controlled by exploiting the pulse structure which permits to use a TOF-method to
eliminate any v-dependency. Please refer to Tab. IV for a comprehensive overview of current ongoing
and proposed searches.
An even more radical approach is followed by the SNS-EDM collaboration [86] with the intention to avoid
UCN transport altogether. In this case the detection of the neutron spin precession is realized using a dilute
solution of spin polarized 3He in He-II. The absorption of a neutron only occurs when the total spin is zero.
The reaction products, a proton and a tritium nuclei (see Tab. II), produce ultra violet light in He-II which
can be detected by photomultiplier tubes. Therefore it becomes possible to use the intensity of scintillation
light, after a classical Ramsey cycle, as measure of spin asymmetry. Alternatively it might be possible to
measure the scintillation light from the beating of the two precession frequencies of 3He and neutron or to
employ the ‘dressed spin’ method in the presence of a strong oscillating magnetic field [87].
Combining these cryogenic prospects in equation 21 with 〈N(T )〉f = 2.3× 104 s−1, tf = 1/Γ = 440 s and
T ∗2 = 2000 s yield a shot noise limit of 1× 10−25 e cm /
√
Hz, which seems by today’s technical standard as
the ultimate feasible sensitivity. After two years of operation this experiment could reach a sensitivity below
2× 10−29 e cm.
IV. SYSTEMATIC EFFECTS
A substantial increase in counting statistics will immediately require the control of all systematic effects of
a similar level. Two different types of systematic effects may be identified: i) effects correlated to the change
of the field configuration, for example a leakage current, mimicking the signal of an nEDM; and ii) effects
of a stochastic nature such as random magnetic field drifts, which reduce the attainable sensitivity. This is
visible from the last line of equation (10):
dn =
~
(
ω↑↑ − ω↑↓)− 2µn (B↑↑ −B↑↓)
2 (E↑↑ − E↑↓) , (24)
with B↑↑ = B0 + δB↑↑+ δB(E↑↑) not necessarily equal to B↑↓ = B0 + δB↑↓+ δB(E↑↓). Here δB describes any
uncorrelated drifts of the magnetic field and δB(E) describes magnetic fields caused by the electric field.
A. Requirements for the stability of the magnetic field
In order not to degrade an initial statistical sensitivity σ(dn) by random magnetic field drifts it is necessary
to guarantee that
δB =
(
δB↑↑ − δB↑↓) 2 |E|σ(dn)
µn
, (25)
for two measurements with inverted electric field configuration. This results in a required field stability of
much better than 25 fT over a period of 9 h, for a field reversal every 4.5 h and a neutron statistical sensitivity
of σ(dn) = 1×10−24e·cm per Ramsey cycle. The stability of the magnetic field may be best characterized
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FIGURE 6: Allan deviation of the z-component of the environmental magnetic field at the location
of PSI’s nEDM apparatus. The field is measured using 10 fluxgate field sensors placed in the near
vicinity of the four-layer magnetic shield. The difference between night time (solid lines) and day
time is significant. Figure taken from reference [88].
by an Allan deviation (AD) of the magnetic field measured using an auxiliary magnetometer. The AD is
defined as a function of averaging time τ by:
σAD (τAD)) =
√√√√ 1
2 (NAD − 1)
NAD−1∑
i=1
(Bi(τAD)−Bi+1(τAD))2, (26)
where NAD = TAD/τAD is the number of non-overlapping samples of magnetic field values Bi(τAD) each
averaged over a time τAD in a measurement of total duration TAD. Figure 6 shows an AD for several
averaging times τAD taken from reference [88] describing a system to stabilize the magnetic field for the
nEDM search at PSI. The best field stability is reached during night times for averaging times of not more
than 100 s, but even then the typical variation is of the order 100 pT, far too large for any competitive nEDM
search. For this reason all current and proposed future experiments use a multilayer magnetic shield made
of a high-permeability (µ) NiFe alloy which may have a static shielding factor of better than 100 000 [89, 90].
In addition, an active surrounding field compensation system [88] based on several fluxgate magnetometer
in close vicinity of the shield may be used to keep the shield in a stable magnetic field. Such a scheme
uses a feedback algorithm to actively control a set of large coils around the magnetic shield to correct for
magnetic-field changes.
Figure 7 shows the Allan deviation measured using a three axis vector magnetometer [91] inside the PSI
magnetic shield. An improvement of approximate 3 orders of magnitude can be observed when compared to
the AD of the outside field. The AD minimum of the field magnitude σAD ≈ 80 fT is at just below τ = 100 s.
Again the field stability would not be nearly as good as required even if the electric field polarity were to be
changed after every Ramsey cycle (1/f = τAD ≈ 300 s) and the relative long charging times (200 s) of the
electrodes were significantly reduced. To circumvent this problem all recent and future searches use one or
more monitor magnetometer(s) to correct for magnetic-field drifts.
B. Magnetic field monitors
As we have seen, fluctuating magnetic fields add noise to the measured nEDM data and limit the sensitivity
of the experiment. Using standard error propagation on equation (24) one finds
δdn =
√
σ2(dn) + 2
(
µn
2|E|δB
)2
. (27)
Here the first term is the sensitivity due to neutron counting statistics, typically referred to as the statistical
sensitivity. The second term is the systematic effect that worsen the counting statistics due to its stochastic
nature. In general one would like to have the second term at least a factor of four smaller than the first one so
that it would have only a minor effect on the sensitivity. This can be achieved using additional magnetometers
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FIGURE 7: Allan deviation of the magnitude of the magnetic field inside the four layer magnetic
shield at PSI measured by a three-axis atomic vapor (Cs) vector magnetometer, data from Ref. [91].
Note that the main magnetic field of the experiment is aligned with z and has a magnitude of about
1 µT.
to compensate changes of the magnetic field between measurements. This requires a magnetometer with an
accuracy of better than
δBmag ≤ σ(dn)
4
|E|
µn
(28)
per Ramsey cycle. The proportionality constant for a 12 kV/cm field is µn/ |E| = 6×10−27 e·cm/fT. Hence,
the intrinsic sensitivity of the monitor magnetometer must be better than σ(Bmag) ≤ 5 fT for a statistical
sensitivity of 1×10−25 e·cm per cycle, a value typically aimed for by many new searches. Conceptually
this might be accomplished by either using several high-sensitivity magnetometers, for example optically
pumped atomic vapor magnetometers [92] or SQUIDS [93], in the close vicinity of the neutron precession
cell, or by using a magnetically susceptible isotope that can be injected into the same volume where the
neutrons precess (cohabiting magnetometer).
1. Arrays of high-precision magnetometers for field monitoring
Point like (actually spheres with r = 15 mm) magnetometers placed just outside of the precession chamber
but still inside the magnetic shield are often proposed or used to monitor the magnetic field. They have the
clear advantage not to see the electric field and hence should be free of an electric-field correlated effect.
In the past, several experiments inferred the average magnetic field to which the neutrons were exposed
by combining the values of several optically pumped atomic magnetometers (OPM) [68, 94, 95]. Further, the
currently operating experiment at the PSI uses in addition to a cohabiting magnetometer an array of OPMs
to extract magnetic field information. All of these magnetometers are scalar magnetometers, essentially
measuring the magnitude of the magnetic field at a point in space [96]. By combining the measurement values
of these OPM it is possible to extract a mean value and higher-order magnetic-field terms like gradients [97].
In the case of homogeneous field changes affecting all magnetometers in the same way, the mean value
may be used to correct for magnetic field drifts. However, if a field change occurs due to a change in
magnetization within or close to the observed volume, for example provoked by a leakage current across
the insulator ring (see Sec. IVC and references therein), the combined value may show no field change even
though the neutrons are exposed to a different field. This could effectively lead to the observation of an
EDM signal, as pointed out in Ref. [98].
In Ref. [97] optical pump cesium magnetometers (Cs-OPM) were successfully used to decompose the mag-
netic field of the precession chamber into spherical polynomial harmonics to extract the vertical magnetic-field
gradient ∂Bz/∂z. New developments focusing on accurate vector information from OPM [91] will further
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FIGURE 8: Neutron resonant frequency before and after correction for magnetic-field drifts using a
mercury comagnetometer (data sample from nEDM-PSI collaboration [46].
refine such methods and could prove useful in the future to identify and correct for systematic effects, as
from a leakage current or by magnetic-field gradients ∂Bz/∂z in equations (48, 46).
2. Cohabiting magnetometers
The second type of field monitor, using magnetically susceptible isotopes that occupy the same volume
as the neutrons, is considered essential to most future experiments and is currently also in use within the
spectrometer at PSI. Three different isotopes, all of nuclear spin 1/2, are typically considered for this
task: 3He [99, 100], 199Hg and 129Xe. While 199Hg is already employed [101] the other two are proposed
for spectrometers in the future. Although these magnetometers allow for a cycle-to-cycle correction of the
neutron precession frequency as shown in Fig. 8, they pose a certain risk of transferring systematic effects
to the neutron measurement. Furthermore, even if all correlated systematic effects (Sec. IVC) from a co-
magnetometer are well under control a certain dilution of the neutron sensitivity may occur.
Ultracold neutrons sample the magnetic field of the precession cell slightly differently then the atoms of the
thermal co-magnetometer gas. Stored ensembles of UCN have very low energies which leads to the awkward
effect that their center-of-mass 〈zUCN〉 is slightly below the geometrical center-of-mass zcm of the precession
cell. In the presence of a vertical magnetic-field gradient gz = ∂Bz/∂z this leads to an uncompensated
contribution which adds to equation (27):
δdn =
√
σ2(dn) + 2
(
µn
2|E|δB
)2
+ 2
(
µn
2|E|∆hcmδgz
)2
, (29)
with the center-of-mass offset ∆hcm = (zcm − zUCN) ≈ 4 mm [43, 102], for the PSI spectrometer, depending
on the UCN energy spectrum. If the random variation of the magnetic-field gradient between electric-field
configuration is below
δgz ≤ σ(dn)
4∆hcm
|E|
µn
, (30)
then no monitor for the gradient may be required: this is typically the case for E-field reversal every 4.5 h
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at the PSI experiment. Otherwise, a gradiometer is needed to correct for changes with a sensitivity better
than 12 fT cm−1 for a neutron-only statistical sensitivity of 1×10−25 e·cm per cycle.
An even more subtle effect can further reduce the statistical sensitivity when using slowly oscillating
magnetic fields to flip the co-magnetometer spin into the transverse plane. After the neutrons are locked
into the cell the polarized co-magnetometer gas is injected and a pi/2-pulse is applied to tip the spin of the
co-magnetometer atoms by pi/2. This circular rotating magnetic field is also seen by the neutrons and can
lead to a small tilt of the neutron spin. Using Rabi’s equation for a resonant transition from m = +1/2 to
m = −1/2 [103]:
P−1/2 =
ω1
Ω
sin
(
Ωtpi/2
2
)
, (31)
with
ω1 =
piγn
2γitpi/2
, Ω =
√(
ωn − ωpi/2
)2 − ω21 and ωpi/2 ≈ γiB0
it is possible to calculate this effect. This leads to tilting of the neutron spins by:
Θ =
Rpi
Ωtpi/2
sin
(
Ωtpi/2
2
)
, (32)
where R = γn/γi is the ratio of gyromagnetic ratios of the neutron and the co-magnetometer isotope.
If the phase relation and timing of the co-magnetometer pi/2 pulse and the neutron pi/2 pulse stays
constant over time this only leads to a global shift of the neutron resonant frequency which cancels in the
nEDM-analysis. However, if phase and timing is not controlled this can lead to a frequency uncertainty of
δfrms =
1√
2
|Θ|
2piT
, (33)
where T is the free precession time. Figure 9 shows the systematic uncertainty from this effect on the neutron
precession frequency in the case of a 129Xe co-magnetometer. For xenon this effect may be as large as 20 µHz
which would be approximately a factor twenty larger than the intrinsic sensitivity of the neutrons in a
next generation experiment. Therefore it will be of paramount importance to adjust tpi/2 and B0 such that
sin
(
Ωtpi/2/2
)
= 0 and to control phase and timing of the pulse generation. Furthermore it is possible to
reduce this effect by choosing an appropriate envelope of the pulse, such as a triangular or a Hann window.
C. Effects mimicking an EDM signal
Direct effects which mimic an EDM arise from a change of the magnetic field δB(E) caused by the
electric field. The strength of a false EDM signal can be approximated as in the previous section with
dn,f = µn/(2E)
(
δB(E↑↑)− δB(E↑↓)).
1. Leakage currents
Probably the most obvious direct effect is a leakage current from the charged electrode to ground along
a given path. Such a path might result from material imperfections of the insulator ring or from discharges
along the wall ( which can lead to visible traces, as reported by several experiments). A current flowing
along this path will create a magnetic field which will be seen by neutrons. By reversing the high voltage the
current will flow in the opposite direction and create a field with opposite sign, hence
(
δB(E↑↑)− δB(E↑↓)) =
2δB(E↑↑) if the current is of the same magnitude and follows the same path. Figure 10 shows the idealized
geometry of the scenario discussed. Several different current paths were studied in Ref. [104] using finite
elements. The most stringent limit is given by a path which makes a full circle around the insulator ring at
the central plane. In this case the neutrons are exposed to a change of the magnetic field of |δB(E↑↑)| = 2 fT
for a current of 1 nA, which results in a false nEDM signal of dn,f ≈ 1×10−26 e·cm. However, such a
current path seems rather unlikely for which reason it became commonly accepted to estimate the effect
by a current path as depicted in Fig. 10 with an azimuthal path length of ds = 0.1 m, which means the
discharge path is running at up to about 45 degrees. In this case the false nEDM signal would only be
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FIGURE 9: Systematic frequency error as a function of xenon pi/2-pulse duration tpi/2 and main
magnetic field B0.
5×10−28 e·cm. In general most spectrometer designs include a leakage-current monitor which records the
integral current flowing across the insulator ring. Additional magnetometers, especially co-magnetometers,
will also be sensitive to leakage-current induced field changes and may be used for correction. However, it
has been reported that the mean value of scalar magnetometers placed in the close vicinity of the precession
chamber might indicate no change in the magnetic field depending on their exact placement, despite the
presence of a leakage current large enough to lead to a false nEDM signal. For a detailed discussion of this
effect I refer the interested reader to Ref. [98].
2. Systematic effects from electric fields
Any particle moving through an electric field will see a motional magnetic field seen in its rest frame.
According to special relativity the neutron is then exposed to an additional field of:
Bv×E = −γ v ×E
c2
, (34)
where γ =
(
1− v2/c2)−1/2 is approximately 1 for cold and ultracold neutrons. This results in direct sys-
tematic effects which lead to a signal mimicking a true nEDM.
For simplicity we consider the case where the electric field and the magnetic field are slightly tilted by an
angle θ with respect to each other in the x-z-plane (E = sinθ E, 0, cosθ E) and where a uniform magnetic
field gradient of the form ∂Bz/∂z = −1/2(∂Bx/∂x + ∂By/∂y) is present. In this case with cos θ ≈ 1 the
magnetic field in the rest frame of the particle moving through the cell at a point in space is
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FIGURE 10: Idealized sketch of the path a leakage current may flow along. The currents flowing
along the electrode in the radial direction jr produce the same magnetic field, in opposite direction,
which cancel to first order. Further, the field generated by the fractional current along z parallel to
the cylinder axis jzonly generates a field in the transverse plane, which is strongly suppressed since
the neutrons only see the magnitude of the field, which is dominated by B0.
Bx = − x
2
∂Bz
∂z
− vyE
c2
By = − y
2
∂Bz
∂z
− vxE
c2
+
θvzE
c2
(35)
Bz =B0 + z
∂Bz
∂z
+
θvyE
c2
.
This leads to a field magnitude of
|B(r)| = B0 + z ∂Bz
∂z
+
x2 + y2
8B0
(
∂Bz
∂z
)2
(36)
+
θvyE
c2
(37)
+
(xvy + yvx + θyvz)
2B0c2
∂Bz
∂z
E (38)
+
v2y + (vx − θvz)2
2B0c4
E2. (39)
While the first line (equation 36) is free of any electric-field systematic the following three lines (eqs.
37-39) either have terms linear or quadratic in E. The effective magnitude of these terms depends on how
the particle samples the precession cell and is discussed in the following paragraphs.
Motional magnetic field in the rest frame of a particle moving through an electric field
The latest beam experiment [19] was limited by the motional magnetic field, the linear term in E without
gradient in equation (37), seen in the rest frame of a neutron moving through an electric field. For the
configuration of this last beam experiment, with v = vy = 150 m/s and a field strength of 100 kV/cm, the
term BE = vyE/c2 = 17 nT. In the case where the electric field and the magnetic field have a relative
angle of θ the neutrons see a field change of ∆B(E) = 2θ · BE when changing polarity of the electric field.
The reported error of 1.5×10−24 e·cm is equivalent to a misalignment angle of 0.1 mrad, which is extremely
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demanding. A proposal for a future beam experiment [105] intends to circumvent this issue by measuring
the nEDM as a function of velocity and then extrapolating to v = 0.
Storage experiments using UCN are much less exposed to this effect, as the velocities are a factor 40 lower
and in the limit of chaotic trajectories the mean value averages to zero. However, a possible effect which
could lead to a relevant signal from v ×E is a remaining ordered motion within the precession chamber.
Such a remaining common rotational motion could result from UCN which enter the precession chamber
through an off-axis door or with a predominant tangential velocity component (twist). This could eventually
lead to the situation that a fraction of the neutrons move on orbits along the insulator ring resulting in
a net rotational flow with velocity vt. In this case one can replace vy with vr in equation (37), hence,
BrotE = θ
vr·E
c2 would be the result. By increasing the roughness of the precession chamber walls it is possible
to reduce the probability of specular reflection which in turn would reduce the probability of ordered motion.
Simulations [104] using Monte Carlo methods for particle trajectories show that an average vr < 0.005 m/s
can be obtained for a typical surface roughness. Together with a mechanically feasible alignment of the
electric field relative to the magnetic field of better than θ ≈ 1 mrad a remaining systematic effect of
dn,f ≤ 1.7×10−27 e·cm seems likely. The detailed analysis of this effect by Pendlebury and coworkers [12]
give a limit of 1×10−29 e·cm arguing that by the time the first pi/2-pulse is applied, tipping the neutrons
into the transverse plane, the velocities of the stored UCN are sufficiently randomized.
Motional magnetic field from the quadratic term of v × E
Another effect correlated to the motion of particles in an electric field is the quadratic term (39), which
persists even if v = 0 is fulfilled. Simply taking the values for the mercury co-magnetometer [67], B0 = 1µT,
v2Hg = (150 m/s)
2 and E = 1 kV/cm results in BE2 = 1.4 pT. This effect is transferred to the neutrons
when using the mercury frequency as field monitor. Only a difference in magnitude of the E-field for both
polarities will have a remaining contribution to a false nEDM signal. To keep this systematic effect below
the current statistical sensitivity the electric-field magnitude would have to be equal to within one part in
10 000. However, this estimate does not take into account the fact that the direction and velocity of the
mercury atoms change with every collision. Hence, the atoms are effectively exposed to a fast and random
oscillating motional magnetic field, and the field only has a constant magnitude for τc, the average time
between two collisions.
The effective magnetic-field shift for this situation is derived as a frequency shift for spin-1/2 particles in
Ref. [98] and can be written as
BE2 =
1
2γ
〈
(Bv×E)
2 γB0τc − sin (γB0τc)
(γB0)
2
τc
〉
av
. (40)
The index ‘av’ indicates an average over the statistical ensemble and for times much longer than τc. In a
nEDM experiment with a co-magnetometer two extreme cases exist. For γB0τc  1 the term sin (γB0τc) has
a zero ensemble average. Further the average over all possible direction for v gives a factor 2/3. Therefore
the quadratic motional magnetic field is
BE2 = 2/3
v2E2
2B0c4
. (41)
In measurements using UCN we are in this regime. For an average velocity of v = 3 m/s, an electric field of
12 kV/cm, B0 = 1 µT we have a motional field of BUCNE2 = 0.5 fT. This is completely negligible as the effect
only shows up if the magnitude for positive and negative electric fields are different. Modern high voltage
power supplies have specifications of better than |U+| − |U−| < 0.001U with U the nominal voltage, which
further suppresses this systematic effect by a factor thousand, resulting in a limit of dn,E2 < 3×10−30 e·cm.
In the case when γB0τc  1 the sine-term in equation (40) can be expanded:
BE2 = 2/3
v2E2
2B0c4
(γB0τc)
2
6
, (42)
with τc ≈ 1×10−3 s for a precession cell of radius r = 0.25 m and height h = 0.12 m. Mercury atoms in
the ballistic limit with γ = γHg match this case very well. For the above parameters this gives a motional
magnetic field of BHgE2 ≤ 5 aT due to the large suppression factor of 1×10−4 of the last quadratic term.
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Frequency shifts of particles moving in an inhomogenous magnetic field and an electric field
Currently the most important correlated systematic effect results from the term in equation (38) linear in
gradient and electric field. It is of the same order of magnitude as the statistical sensitivity [106]. It gives
rise to a frequency shift which depends on the way that the particle is sampling the field of the precession
chamber. This effect was first discussed in the limit of a trumped shaped field with a vertical gradient
∂Bz/∂z = −1/2(∂Bx/∂x + ∂By/∂y and an electric field [107]. An approach using the general theory of
relaxation with correlation functions was then used in Ref. [108, 109] but still applied to a cylindrical uniform
field gradient. In the article of Pignol and Roccia [106] a general form for arbitrary fields and geometries is
given:
δω = −γ
2E
c
〈xBx + yBy〉 , (43)
where the brackets refer to a volume average over the cell. For the further discussion we will use the
expressions from Ref. [110] which has confirmed the theoretical predictions in a direct measurement with
an array of scalar OPM around the central precession cell of a mercury magnetometer. A UCN based
experiment using a thermal co-magnetometer works in the regime of two limiting cases:
δω =
γD2
16c2
∂Bz
∂z
E non-adiabatic (44)
δω =
v2xyE
2B0c2
∂Bz
∂z
adiabatic. (45)
It is worthwhile to note that the adiabatic case is independent of the gyromagnetic ratio of the particle and
is known as geometric phase or Berry phase [111, 112]. Measurements using UCN fall into this regime. Using
the relation dn = ~/2E · δω the shift can be misinterpreted as an EDM of
dfalsen =
∂Bz
∂z
· 1.7×10−28 e·cmcm
pT
, (46)
for vxy = 3 m/s and B0 = 1µT. For current experimental sensitivities this is not a problem, however, in
future experiments aiming at sensitivities in the low 1×10−28 e·cm region a perfect control of the magnetic
field homogeneity is mandatory. In the case of 199Hg the atoms sense the field in the non-adiabatic limit,
and hence the false edm signal is
dfalseHg =
∂Bz
∂z
· 1.15×10−27 e·cmcm
pT
, (47)
which is transferred to the neutron measurement:
dfalseHg→n = −
∂Bz
∂z
· 4.4×10−27 e·cmcm
pT
. (48)
Already gradients of some pT/cm will be enough to fully dominate an otherwise very sensitive search
for an nEDM. Ideally one would like to have a magnetometer scheme which is capable of measuring the
gradient with a precision of at sub pT/cm-resolution to correct for this effect. The current version of the
cesium OPM array in the PSI experiment achieves an accuracy of approximately 5-10 pT/cm which is not
sufficient for this purpose. An alternative approach is to bring the cohabiting magnetometer also into the
adiabatic regime by using a sufficiently high pressure of buffer gas [113]. Currently the transferred effect can
be mitigated by measuring dn as a function of
R =
ωn
ωHg
=
γn
γHg
(
1 +
gz ·∆hcm
B0
+ δT + δER + δdip + δLS
)
, (49)
where ∆hcm is the center-of-mass offset between the UCN and the mercury gas. This is one example of
the subtle differences in how UCN and thermal atoms sample the precession volume which lead to tiny
magnetic-field dependent deviation of the frequencies of the neutron and the co-habiting isotope (for 199Hg
see Ref. [97]). Neglecting for the moment potential systematic effects, indicated with δ... in equation (49),
one can redefine a value
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R′ − 1 = RγHg
γn
− 1 = gz ·∆hcm
B0
, (50)
which can be used as measurement of the vertical magnetic-field gradient gz. The true value of the
measured nEDM is the crossing point of two curves dn(R′ − 1) vs (R′ − 1) shown in Fig. 11 found by
reversing B0. However, a whole class of systematic effects appear, as R′−1 is not only sensitive to the vertical
magnetic-field gradient, but also to all other effects which might shift the ratio of precession frequencies R.
The systematic shift from transverse fields is a result from the fact that the co-magnetometer operates
in the non-adiabatic regime and essentially measures only the vectorial average of the magnetic field |〈B〉|.
Whereas the neutrons operate in the adiabatic regime and measure the volume averaged field modulus 〈|B|〉.
Hence, in the presence of a residual transverse field like a quadrupole field perpendicular to Bz with Bx = qy,
By = qx a frequency shift of
δT =
〈B2T 〉
2B20
(51)
may occur, where 〈B2T 〉 is the volume average over the transverse magnetic-field modulus squared. The
systematic false effect from transverse fields is proportional to ∆B2T = 〈B↑2T 〉− 〈B↑2T 〉. A ∆B2T = 1 nT2 shifts
the crossing point EDM value by approximately 0.3×10−27 e·cm. It is possible to measure the transverse fields
inside the precession chamber using a three-axis fluxgate to a precision of better than 1 nT [97] which seems
to be sufficient for current searches. In the future similar magnetic field maps recorded with a three-axis
OPM [91] might achieve a much better precision to permit searches in the low 1×10−27 e·cm range.
The systematic effect δER is a shift due to Earth rotation which only appears if the gyromagnetic ratio
of the neutron and the co-magnetometer isotope have different relative signs. The effective frequency shift
depends on the latitude λ of the location of the experiment on earth:
δ
↑/↓
ER = −sgn(B0)
(
fE
fn
+
fE
fHg
)
sin (λ) . (52)
Where the Earth’s rotation frequency fE = 11.6 µHz. For the experiment at the Paul Scherrer Institute
(λ ≈ 46.6° north) this results in a shift of δ↑/↓ER = ∓1.4×10−6 Hz. Which, when forgotten, changes the crossing
point to d× = 1.76×10−25 e·cm.
The next possible contribution comes from small magnetic permanent dipole fields close to the cell’s
surface. This will locally cause an inhomogeneous ∂Bz/∂z gradient which adds to dfalseHg→n of equation (48).
Further it will induce a frequency shift δdip moving the lines horizontally by an equal amount but in opposite
directions. Both the exact magnitude and orientation as well as position of a permanent dipole in the
cell container influence the strength of the systematic effect. A possible method to avoid such an effect is
to thoroughly scan all parts which constitute the precession cell assembly. Pendlebury and coworkers [12]
allowed for a systematic effect in their analysis of ±6×10−27 e·cm for an undetected permanent dipole
moment in the mercury door.
V. WORLD-WIDE EFFORTS
Several groups word wide, see Fig. 12, compete in the effort to search for an electric dipole moment of
the neutron. A detailed summary of the individual projects can be found in Tab. IV and in the references
therein.
Currently only the collaboration at PSI is in the situation of being able to take data, aiming in the next
year for a modest improvement of the current sensitivity into the low 10−26 e·cm range. The PNPI group
has upgraded its spectrometer and plans to continue data-taking at ILL in the next years. Both efforts are
essentially limited by UCN counting statistics, for which reason the groups already work on or plan upgrades
either by constructing a new spectrometer which is better adapted to the UCN source (PSI), or by moving to
a still-to-be-constructed better source (ILL→ PNPI). All next generation designs aim for a sensitivity in the
low 10−27 or even in the 10−28 e·cm range. The concepts rely on new UCN sources based on superthermal
conversion, either using superfluid helium or solid deuterium, promising to deliver at least two orders of
magnitude more UCN.
Two other projects stand out as they are not using UCN, but cold neutrons and their distinct techniques
have not been discussed in these proceedings. The crystal diffraction nEDM experiment at ILL, which
is currently being upgraded, uses the very high electric field of crystals without center of symmetry [114].
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FIGURE 11: Neutron EDM as function of R′ for mercury as co-magnetometer, indicating systematic
effects which may occur when using the crossing point analysis as in Ref. [12]. The solid orange (B↑0)
and blue (B↓0) line indicate the perfect systematic free measurement. Some possible shifts are indicated
individually. Earth rotation shift δ↑/↓ER for main magnetic field up/down; shift from a permanent dipole
close to the precession chamber δdip; shifts from transverse magnetic fields of different magnitude δT.
The black arrows pointing to the y-scale indicate the magnitude of the systematic effect. Note that, if
the transverse fields for both magnetic field configurations is identical, B↑T = B
↓
T, the systematic effect
vanishes.
FIGURE 12: World map of nEDM searches. Black: UCN source and nEDM operational (ILL, PSI).
Orange: Either nEDM spectrometer or UCN source operational. Blue: nEDM spectrometer and
source in preparation.
Finally, the project in discussion for the European Spallations Source at Lund is proposing a double beam
experiment. The pulsed beam of the spallation source lends itself ideally to a measurement of the v×E-effect
as a function of velocity, from which an extrapolation to zero velocity would yield the real nEDM value [105].
VI. CONCLUSION
Several groups worldwide are pursuing promising approaches to improve the sensitivity for a permanent
electric dipole moment of a fundamental particle. In the next few years a new result will probably improve
the current limit on the nEDM slightly, while an order of magnitude improvement seems likely within the
next five years or so. Another order of magnitude will require a breakthrough in UCN counting statistics or
a dramatic improvement of the electric field which seems to be possible in superfluid helium.
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Facility, UCN (CN) source Spectrometer Magnetometry Sensitivity
location O(10−27 e·cm)
LANL, USA sD2 [52] dbl. chamber 199Hg 1
ILL, France cold source[115], dbl. chamber [68] Cs-OPM 10
turbine [50]
ILL, France He-II to vacuum [57] dbl. chamber [116] 199Hg, Cs-OPM 1
ILL, France CN beam [84] crystal-diffraction [114] - 10
ESS, Sweden pulsed CN dbl. chamber [105] - 0.1 -10
FRM-II, Germany sD2 [51] dbl. chamber [116] 199Hg, Cs-OPM 0.1
SNS, Oakridge He-II in-situ [117] dbl. chamber [117] 3He, squids <0.1
PNPI, Russia He-II to vacuum [55] dbl. chamber [68] Cs-OPM 0.1-1
TRIUMF, Canada He-II to vacuum [56] dbl. chamber [118] 199Hg, 129Xe 0.1-1
PSI, Switzerland sD2 [53] sgl./dbl. chamber [46] 199Hg, 3He, Cs-OPM 1-10
TABLE IV: Overview of all current nEDM-projects. Several groups plan to start data-taking in the
next years to improve the current sensitivity by a factor ten. Another order of magnitude improvement
seems possible until the middle of the next decade.
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